Indirect immunofluorescence (IF) with monoclonal antibody M23 prepared against the nuclei of human embryo lung (HEL) cells infected with human cytomegalovirus (HCMV) Towne strain showed that the M23 antigen reactive with the M23 antibody was localized within distinct loci throughout the nucleus of infected HEL cells shortly after infection, even at 2 h post-infection (p.i.). The foci increased in size by 24 h p.i. and then the IF patterns changed to show the nuclear inclusion body-like structures at 72h p.i. Treatment with phosphono-acetic acid, a HCMV DNA replication inhibitor, resulted in a nuclear pattern similar to that observed shortly after infection. The doublelabelled IF test revealed that the HCMV UL44 antigen essential for viral DNA replication colocalized with the M23 antigen in the same intranuclear structure shortly after infection whereas neither viral antigen appeared to colocalize in most cells later after infection. The M23 antibody immunoprecipitated four proteins, 34K, 43K, 50K and 84K, in infected cells. To examine whether these proteins correspond to four early phosphoproteins encoded by the HCMV strain AD169 genome, the Towne strain DNA sequence corresponding to that encoding both the 34K and 43K proteins of strain AD169 was determined and transiently expressed in COS-7, Vero and HEL cells. These proteins were detected by the M23 antibody within the loci of these nuclei as found in the nuclei of productively infected cells shortly after infection. In addition, the 34K, 43K and 50K proteins at least were shown to be DNAbinding proteins by double-and single-stranded DNAcellulose column chromatography. The relationship of these proteins to the status of viral DNA replication is discussed.
Indirect immunofluorescence (IF) with monoclonal antibody M23 prepared against the nuclei of human embryo lung (HEL) cells infected with human cytomegalovirus (HCMV) Towne strain showed that the M23 antigen reactive with the M23 antibody was localized within distinct loci throughout the nucleus of infected HEL cells shortly after infection, even at 2 h post-infection (p.i.). The foci increased in size by 24 h p.i. and then the IF patterns changed to show the nuclear inclusion body-like structures at 72h p.i. Treatment with phosphono-acetic acid, a HCMV DNA replication inhibitor, resulted in a nuclear pattern similar to that observed shortly after infection. The doublelabelled IF test revealed that the HCMV UL44 antigen essential for viral DNA replication colocalized with the M23 antigen in the same intranuclear structure shortly after infection whereas neither viral antigen appeared to colocalize in most cells later after infection. The M23 antibody immunoprecipitated four proteins, 34K, 43K, 50K and 84K, in infected cells. To examine whether these proteins correspond to four early phosphoproteins encoded by the HCMV strain AD169 genome, the Towne strain DNA sequence corresponding to that encoding both the 34K and 43K proteins of strain AD169 was determined and transiently expressed in COS-7, Vero and HEL cells. These proteins were detected by the M23 antibody within the loci of these nuclei as found in the nuclei of productively infected cells shortly after infection. In addition, the 34K, 43K and 50K proteins at least were shown to be DNAbinding proteins by double-and single-stranded DNAcellulose column chromatography. The relationship of these proteins to the status of viral DNA replication is discussed.
Introduction
Viral gene expression in cells productively infected with human cytomegalovirus (HCMV) has been divided into at least three different classes, which are common to members of the herpesvirus group: immediate-early (IE), delayed-early or simply early, and late. Synthesis of each of these classes is both coordinately and sequentially regulated. The synthesis of early proteins depends on prior expression of IE proteins, and occurs before the The nucleotide data reported in this paper will appear in the GSDB, DDBJ, EMBL and NCBI nucleotide sequence databases with the following accession number D26511.
onset of viral DNA replication. The late proteins produced during viral DNA synthesis are viral structural elements including mostly envelope glycoproteins.
The early proteins are of particular interest because they include viral gene products important for regulation of viral DNA replication. Among the early gene products, a class of early transcripts encoded from the adjacent EcoRI fragments R and d, located within the long unique region (U 0 of the HCMV strain AD169 genome has been well characterized by one group (Staprans & Spector, 1986; Wright et al., 1988; Staprans et al., 1988; Wright & Spector, 1989) . This class of transcripts encodes four phosphoproteins of 34K, 43K, 50K and 84K with common amino termini by alternative splicing (Wright et al., 1988) . All four proteins are detected by 8 h post-infection (p.i.). Of these four 0001-2421 © 1994 SGM proteins, the 43K protein is the most abundant and remains relatively constant during the infection whereas the other proteins increase significantly at the late stage of infection. Only the 50K protein cannot be detected in the presence of phosphono-acetic acid (PAA), a viral DNA replication inhibitor. The 34K protein is encoded from unspliced mRNA of 2.65 kb whereas the 43K, 50K and 84K proteins are encoded from spliced mRNAs of 2-2, 2.1 and 2-5kb, respectively (Wright & Spector, 1989) . All these RNAs show a complex structure with common 5' and internal exons and alternative 3' exons with coterminal 3" ends. Expression of the early transcription unit is stimulated by trans-acting IE1 and IE2 proteins encoded from a major IE (MIE) gene complex of HCMV (Staprans et al., 1988) . These four phosphoproteins were found to be highly conserved among HCMV isolates including the Towne strain (Wright & Spector, 1989) .
However, very little is known about subcellular localization and functions of the four phosphoproteins, except that all these proteins are predominantly associated with the infected cell nuclear fraction at 24 h p.i., as detected by immunoprecipitation with antiserum against a synthetic oligopeptide corresponding to the predicted amino terminus of these proteins (Wright et al., 1988) . To elucidate how viral proteins are involved in the regulation of viral DNA replication, we have recently prepared mouse monoclonal antibodies (MAbs) against the nuclei of productively infected cells and screened these antibodies for positive reaction with early nuclear HCMV antigens. Of these antibodies, the M23 antibody was found to immunoprecipitate four polypeptides, corresponding to the above proteins of the AD 169 strain, in cells productively infected with the Towne strain. The present study is an attempt to increase our understanding, using the M23 antibody, of the functions of the four nuclear phosphoproteins by examining their subcellular localization and DNA-binding ability.
Methods
Virus and cells. HCMV Towne strain and human embryo lung (HEL) cells were propagated as previously described (Hirai et al., 1977) . COS7 cells were grown in Dulbecco's MEM supplemented with 10% fetal calf serum. PAA (Sigma), cycloheximide (Sigma), actinomycin D (Sigma), anti-HCMV IE1 MAb El3 (Biosoft) and an MAb to the non-structural protein UL44 of HCMV (Advanced Biotechnologies) were purchased from the indicated suppliers.
Preparation of MAbs. Nuclei were isolated from HCMV-infected HEL cells at 48 h p.i. by the method described previously . BALB/c mice were immunized intraperitoneally with the isolated nuclei with Freund's complete adjuvant (Difco). After 4 to 8 weeks, the immunized mice were boosted intraperitoneally with the nuclei without adjuvant. Splenocytes were prepared 3 days later and fused with cells from the SP2/0-Agl4 myeloma line using the procedure of Ikuta et al. (1982) .
Indirect immunofluorescence (IF) test.
Cells were grown on coverslips and infected with the virus or transfected with DNA. The coverslips were washed with PBS and fixed in acetone for 5 to 10 min on ice. The first antibody was added, and the slides were incubated for 20 min at room temperature in a humid chamber. The coverslips were washed three times with PBS and then incubated for 20 min with fluorescein isothiocyanate (FITC) sheep anti-mouse IgG (Cappel Laboratories) at room temperature. The coverslips were again washed three times with PBS and mounted in glycerol. For the double-label IF test, the coverslips which were stained with the first MAb were incubated for 20min with rhodamine isothiocyanate-conjugated goat anti-mouse IgG (Cappel Laboratories) and at room temperature. After the coverslips were washed three times with PBS, they were incubated for 20 rain at room temperature with the second MAb conjugated with FITC according to the method of Kawamura & Aoyama (1982) . Microscopy was performed with a Zeiss microscopy Axioplan equipped for fluorescence and differential interference contrast (DIC) microscopy.
Immunoprecipitation. Mock-and HCMV-infected cells were labelled with [35S]methionine (L-3'~S-Protein Labelling Mix, 42.6 TBq/mmol, NEN) in methionine-free medium for 4 h from 24 h p.i. Cell lysates were immunoprecipitated with mouse MAb according to the method of Ikuta et al. (1983) . The immunoprecipitated specimen was subjected to SDS PAGE as described previously (Ikuta et al., 1981) .
DNA amplification by PCR. Oligonucleotide primers were synthesized by Iatron Laboratories. The 5' and 3' primers were P1 (5'-ATAGAGTCTGCGACGGGGTT-T) and P2 (5J-GTCAATGACTG -TATAATGTC-3') and allowed amplification of the 1634 bp sequence, which includes the HCMV genomic sequence coding for both 34K and 43K proteins (Wright & Spector, 1989) . HCMV (Towne strain)-infected cell DNA was extracted as described previously and subjected to PCR amplification as described previously (Yamaguchi et al., 1992) .
Construction of HCMV expression vector, pRc/CMV expression vector DNA (Stratagene) was used to express both of the 34K and the 43K proteins under an MIE promoter of HCMV. The DNA fragment amplified by PCR was treated with T4 DNA polymerase to repair the ends and ligated by use of a blunting kit (Takara Shuzo Co.) into pRc/CMV DNA at the HmdlII site which had been repaired with the Klenow fragment.
DNA sequence analysis. The DNA sequence was determined by the dideoxynucleotide chain termination method (Sanger et al., 1977) using an AmpliTaq sequencing kit (Takara Shuzo Co.) according to the manufacturer's instructions.
Transfection. Calcium phosphate-mediated transfection was performed essentially according to the method of Graham & van der Eb (1973) . COS7 cells were plated onto 10 cm tissue culture dishes for 16 to 20 h prior to transfection and refed fresh medium 4 h before addition of the precipitation. Then 50 pg of plasmid DNA was mixed with 250 gl of 2 x HBS solution (1-5 mM-Na2HP4, 10 mM-KC1, 280 mMNaC1, 12 mM-glucose and 50 mM-HEPES) and then with 28 gl of 2.2 MCaC12. The mixture was incubated for 30 min at room temperature and was added dropwise to the cells. Five ml of medium was then added to the dish and the cells were incubated at 37 °C. After 4 h of incubation, the cells were exposed to 15 % glycerol in 1 × HBS solution for 2 to 3 min at room temperature. The cells were then washed twice with PBS and incubated in 10 ml of complete growth medium.
DNA cellulose chromatography.
For the study of DNA-binding activities with virus-specific proteins, labelled cells were extracted and subjected to double-and single-stranded calf thymus DNA-cellulose (Wako Pure Chemical Industries) as described before . The HCMV-specific proteins were immunoprecipitated from the unbound and bound fractions of these DNA-cellulose columns with mouse MAb and analysed by SDS-PAGE as described previously (Ikuta el al., 1983) .
Results

Subcellular localization of HCMV-specific early antigen by IF test with M23 antibody
Of the hybridoma clones prepared from the mice immunized with isolated nuclei from HCMV (Towne strain)-infected cells at 48 h p.i., 10 clones produced MAbs that reacted with the nuclei of HCMV-infected HEL cells. One of these MAbs, named M23 antibody (IgG2b, K), gave a strong IF staining which was evident within distinct foci throughout the nucleus at 6 h p.i. (Fig. 1 b) and differed from that of the IE1 antigen (Fig.  1 a) . The number and size of the foci increased at 24 h p.i. (Fig. 1 c) and the IF pattern then changed to show the nuclear inclusion body-like structures at 72 h p.i. (Fig.  1 d) . The IF antigen was named the M23 antigen. To examine the distribution of the M23 antigen in the absence of viral DNA replication, HEL cells were infected with the Towne strain in the presence of 200 btg/ml of PAA, a replication inhibitor of HCMV DNA (Huang, 1975; Hirai & Watanabe, 1976) . At 72 h p.i., the nuclear staining pattern was very similar to that observed at 6 h p.i. (Fig. 1 e) . Therefore, the M23 antigen may be associated with specific structures within the nucleus in the absence of viral DNA replication and is an early or IE gene product. Since the M23 antigen can be detected by the IF test even at 2 h p.i. (data not shown), it may be an IE antigen. To test this possibility, HEL cells were infected and cultured in the presence of 1001ag/ml of cycloheximide, a protein synthesis inhibitor. At 4 h p.i., the drug was removed and the infected cells were cultured in the presence of 10 lag/ml of actinomycin D, an RNA synthesis inhibitor. At various times thereafter, the treated cells were examined for expression of the M23 antigen. The HCMV IE1 antigen which showed diffuse nuclear staining was expressed at 3 h after treatment with actinomycin D [data not shown, the IE1 antigen expressed at 50 h after treatment was shown in Fig. 1 g) ] whereas the M23 antigen was not induced during the 50 h treatment (Fig. 1 h) , indicating that the M23 antigen is an early viral gene product.
Colocalization of the M23 antigen and UL44 gene product during the early replication cycle
To determine whether the M23 antigen colocalized with HCMV antigens that are essential for HCMV DNA replication, we determined the nuclear localization of a DNA polymerase accessory protein UL44 and the M23 antigen in infected cells using the double-label IF test; of the HCMV-specific proteins essential for viral DNA replication the UL44 protein was the only one for which the antibody was available (Fig. 2) . Shortly after infection (12 h p.i.), the UL44 antigen was localized within intranuclear foci, similarly to the M23 antigen (Fig. 2 a, b) . The viral antigens were detected in the same nuclear spots by the double-label IF test. However the UL44 antigen showed a ring-like structure mainly close to the nuclear membrane later after infection (48 h p.i.)
as found by Plachter et al. (1992) and did not appear to colocalize with the M23 antigen in most cells (Fig. 2c, d ).
However some cells showed similar intranuclear localization of both viral antigens. The UL44 antigen was occasionally found in the cytoplasm late after infection. Similar images of anti-UL44 and anti-M23 staining were obtained by the single-label IF test (data not shown). To determine whether the four proteins were DNAbinding, we applied extracts from [35S]methioninelabelled HEL cells infected with the Towne strain to double-and single-stranded DNA-cellulose columns (Fig. 3 b, c) . At least the 34K, 43K and 50K proteins were eluted with 0.15 M-NaC1 from both double-and singlestranded DNA-cellulose columns. The 84K protein was only slightly detectable in the 0" 15 M-NaCI fraction of the double-stranded DNA-cellulose column. The several non-specific bands particularly at sizes of about 45K and 72K in the unbound fractions of both the columns were occasionally detected in immunoprecipitates of the infected and uninfected cell lysates (data not shown). At present it is not known whether these proteins are specifically immunoprecipitated with the four proteins.
Immunoprecipitation with the M23 antibody and DNAbinding ability of proteins from infected cells
Transient expression of proteins encoded from the viral DNA region of the Towne strain genome corresponding to the coding region of the early phosphorylated proteins of AD169 strain
The four proteins in Towne strain-infected cells could correspond to four phosphoproteins with common amino termini encoded by an early transcription unit of HCMV AD169 strain (Wright & Spector, 1989) as they have similarities in size, subcellular localization and expression shortly after infection. To examine the possibility described above, the DNA fragment of Towne strain DNA which corresponded to the DNA regions of AD169 strain encoding both the 34K and 43K proteins were amplified by PCR and cloned into eukaryotic expression vector pRc/CMV (Fig. 4) . The resulting recombinant plasmids, pCMV34/43s, containing the coding sequence inserted in the sense direction were tested for transient expression of the M23 antigen in COS7, Vero or HEL cells, using the IF test with the M23 antibody (Fig. 5) . The nuclear staining pattern of these cells transfected with pCMV34/43s was granular (Fig.  5a , b, e and d), being very similar to that observed in the nuclei of HCMV-infected HEL cells shortly after infection (Fig. 1 b) . The granular structures could also be detected in the identical acetone-fixed cells under DIC microscopy ( Fig. 5c) , suggesting that the M23 antigen forms granular structures within the nuclei. A small population of the cells transfected with pCMV34/43s showed globular structures which appeared to be localized in the perinuclear region of the transfected COS7 cells (Fig. 5b) . However the M23 antibody did not react with COS7, Vero and HEL cells transfected with pCMV34/43a containing the coding sequence inserted in the antisense direction (data not shown). These findings indicate that the M23 antigen is encoded from the Towne strain DNA sequence corresponding to that encoding four early phosphoproteins of the AD169 strain. Thus the four proteins that were detected in infected cells using the M23 antibody, were named pp34, pp43, pp50 and pp84 since these proteins were phosphorylated (Wright et aI., 1988) .
To confirm that the pp34 and pp43 were expressed in COS7 cells transfected with pCMV34/43s, cells at 24 h after transfection were labelled with [35S]methionine for Fig. 4 . Construction of pCMV34/43s expressing the M23 antigen. The EcoRI maps of Towne and AD 169 strains are shown with an expanded map of the EcoRI P-e and R-d regions, respectively, encoding the family of early RNAs for early HCMV-specific phosphoprotems. The exons and introns of the mRNAs are shown by dark boxes and straight lines, respectively. The asterisk (*) above the exon shows the location of the stop codon. These maps are based on those proposed originally by Wright & Spector (1989) , except for the EcoRI map of Towne strain DNA which was from the literature (Kemble et al., 1987) . The genomic region, represented by a shaded arrow, encoding pp34 and pp43 from 22 nucleotides upstream of the transcription start site (+ 1) to 1612 nucleotides downstream of the site was amplified by PCR using a set of primers 1 and 2, marked with solid arrowheads and cloned bluntly in the T4 DNA polymerase-treated HindIII site of plasmid pRC/CMV. pRC/CMV contains the simian virus 40 origin of replication and the CMV IE promoter.
3 h and the extracts were then tested using the M23 antibody. The proteins corresponding to pp34 and pp43 were detected and their contents were the same as those observed in infected cells (data not shown). In addition, we could also detect the 38K and the 60K proteins.
Nucleotide sequence determination of the Towne strain DNA sequence within pCMV34/43a
To examine the extent of homology between the coding sequences for pp43 and pp34 of Towne and AD169 strains, we determined the HCMV DNA sequence of 1634bp inserted in pCMV34/43 and compared the amino acid sequences predicted from the coding regions for pp34 and pp43 with those corresponding to the AD169 strain (Fig. 6) 161 : G~T~AGAG~GT~14~TC~GA~TTTCGACGTGCGC~14~TTC~1`CTTTGACA14CGCCCGTCTGGTC~ACTGCGTGG14CGGCG D (14) 151 :
102 :
12,9 : 961 : GTGGATG14TAACCATGTGCTTTTTCGTGCGCTATGrG~TCCC~TGTGTAGGCTCTCCTCCCCTCCGGGAGGO~k~GAG D(A) 1601 Therefore, redistribution of the M23 antigen similar to these herpesvirus proteins may occur during viral DNA replication.
PI,2 181 : Q 14 14 14 Q 18 Q 14 g E 18 14 14 [ [ S S S S A G G G E G G G D(T) 641 : GCAACGGCGAAGGCAGGAACAACGTCACGAAGAACGGCGAAAAAAATCGTCCTCGTCTGC~GTGGTC~TGAA~GCGGCG
D(A) 641 :
The major DNA-binding protein of HCMV (UL57) essential for viral DNA replication has been shown to be localized in intranuclear inclusions (Anders et al., 1987) . Recently, the UL69 gene product of HCMV, a transactivator of gene expression, was shown to be localized within the intranuclear inclusions during the late phase of the replicative cycle whereas it was concentrated in the foci shortly after infection, similarly to the M23 antigen (Winkler et al., 1994) . The UL44 protein of HCMV is a homologue of the HSV-1 UL42 gene product and is essential for viral DNA replication . The HSV-1 DNA polymerase and UL42 protein were shown to colocalize to replication compartments in the nuclei of infected cells during viral DNA synthesis whereas under conditions non-permissive for viral DNA replication, the UL42 protein was distributed throughout the infected cell nuclei and did not colocalize with the polymerase and ICP8 located in prereplication sites (Goodrich et al., 1990) . Although the HCMV UL44 colocalized to the M23 antigen shortly after infection, the UL44 antigen did not appear to be localized mainly within the intranuclear inclusion-like structures later after infection. Therefore, the UL44 protein may be localized in prereplication sites but it is observed mainly close to the nuclear membrane and occasionally in the cytoplasm during the late cycle of viral replication as found by Plachter et al. (1992) . However, some of the UL44 may be localized within the replication compartment. It needs to be determined whether viral DNA colocalizes with M23 and UL44 antigens during the early and late DNA replication cycles of HCMV.
In addition to ICP8 of HSV-1, the other two HSV-1 gene products, UL42 and UL9, essential for viral replication also bind independent of sequence to dsDNA and to a viral DNA replication origin, respectively (Marsden et al., 1987; Weir et al., 1989) . We showed that at least the pp34, pp43 and pp50 were DNA-binding proteins. However these proteins bind weakly to DNA because they are eluted in a 0"15 M-NaC1 fraction. At present it is not known why pp84 binds to dsDNA but not to ssDNA. Since pp84 was produced less abundantly in infected cells, it will be necessary to show the DNAbinding ability using a transfectant expressing only pp84. Recently, 11 HCMV genes required for HCMV DNA replication were identified by a transient comlementation assay of viral oriLyt-dependent DNA replication . These included the ULl12-113 gene encoding the M23 antigen. Taken together, at least three proteins of M23 antigens, pp34, pp43 and pp50, may play a role in viral DNA replication by DNA-binding activity.
According to the sequence analysis of the regions encoded for pp34 and pp43, they were highly conserved between AD169 and Towne strains. The amino acid substitution observed between them may not significantly change the structures of these proteins. There are eight histidine repeat sequences in the carboxyl termini of the pp43 and we could find no homology with any viruses by searching the current database. The sequence may be HCMV-specific. Human herpesvirus (HHV-6) is closely related to HCMV; in particular, 66% of amino acid identity has been observed from comparison between a portion of exon 2 of the conserved spliced gene from these two viruses (Lawrence et al., 1990) . Both of them have been classified as Betaherpesvirinae on the basis of sequence homology and gene organization (Roizman et al., 1992) . Thus, HHV-6 may have DNA homology with the UL112-113 DNA region of HCMV and they will be compared with a new HHV-6 sequence when available.
Since an epitope to the M23 antibody cannot be recognized by Western blot analysis, at present the only way to detect the four proteins pp34, pp43, pp50 and pp84 is by the immunoprecipitation method. There are two possibilities for the epitope reactive to the M23 antibody unless the epitope is not destroyed under the extraction condition used for Western blot analysis. One is that there exists an epitope within the amino-terminal domain, exon 1, common to these proteins. The other possibility is that only one of them contains the epitope and these proteins are co-immunoprecipitated by assembling a complex. To examine the possibility that the four phosphoproteins form a complex, we need to prepare antibodies specific to the unique region of each protein. Then, it will be of interest to examine how these proteins or their complex bind to a viral DNA sequence. Further studies of these proteins should lead to a better understanding of their function in viral DNA replication or transcription.
